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ABSTRACT

The interplay between cosmic gas accretion on to galaxies and galaxy mergers drives the ob-
served morphological diversity of galaxies. By comparing the state-of-the-art hydrodynamical
cosmological simulations HorizoN-AGN and HorizoN-NOAGN, we unambiguously identify
the critical role of active galactic nuclei (AGN) in setting up the correct galaxy morphology
for the massive end of the population. With AGN feedback, typical kinematic and morpho-
metric properties of galaxy populations as well as the galaxy—halo mass relation are in much
better agreement with observations. Only AGN feedback allows massive galaxies at the centre
of groups and clusters to become ellipticals, while without AGN feedback those galaxies
reform discs. It is the merger-enhanced AGN activity that is able to freeze the morphological
type of the post-merger remnant by durably quenching its quiescent star formation. Hence
morphology is shown to be driven not only by mass but also by the nature of cosmic accretion:
at constant galaxy mass, ellipticals are galaxies that are mainly assembled through mergers,
while discs are preferentially built from the in situ star formation fed by smooth cosmic gas
infall.

Key words: methods: numerical — galaxies: active —galaxies: evolution—galaxies: forma-
tion — galaxies: kinematics and dynamics.

In this cosmological scenario, gas accretion is a very efficient

1 INTRODUCTION process, in particular at high redshift, where gas is funnelled in

Observations of galaxies establish that a wide variety of morpho-
logical types are witnessed at all times in the Universe, from discs to
ellipticals and irregular galaxies (the so-called Hubble sequence),
although morphologies strongly depend on the galaxy mass (e.g.
Conselice 2006; Bundy et al. 2010; Ilbert et al. 2010). In the A
cold dark matter (CDM) paradigm, late-type (disc) galaxies are
supposed to form from the smooth gas accretion of circum-galactic
gas in order to form a rotating disc of gas, which will lead, through
the in situ star formation, to the build up of a stellar rotating disc. In
contrast, early-type (ellipticals) galaxies are thought to be the prod-
uct of numerous galaxy mergers that lead to dispersion-dominated
remnants (Toomre & Toomre 1972), hereby dominated by an ex sifu
component of stars.

* E-mail: dubois @iap.fr

cold cosmic streams of gas towards the centre of dark matter (DM)
haloes (Binney 1977; Keres et al. 2005; Dekel & Birnboim 2006;
Ocvirk, Pichon & Teyssier 2008; Dekel et al. 2009), and con-
tribute to the rapid disc built-up at high redshift (Kimm et al. 2011;
Pichon et al. 2011; Stewart et al. 2013; Danovich et al. 2015). As
haloes increase their mass, the gas temperature increases and the
cosmic gas, which is not able to efficiently cool, enters the haloes
in a hot and diffuse fashion due to shocks (e.g. Birnboim & Dekel
2003). Nonetheless, this hot circum-galactic gas trapped at the core
of DM haloes has short cooling times compared to a typical Hub-
ble time, and a cooling catastrophe would occur if it were not for
any feedback process. Therefore, two main mechanisms have been
proposed in order to account for the inefficient star formation wit-
nessed for both the low-mass dwarf galaxies and the massive ellipti-
cals at the centre of groups and clusters, feedback from supernovae
(SNe) (Dekel & Silk 1986) and from active galactic nuclei (AGN)
(Silk & Rees 1998), respectively. It has been shown that the sharp
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decrease at the high-mass end of the galaxy stellar mass function is
not achievable with SN feedback alone without destroying the less
massive galaxies, leading the predicted faint-to-intermediate galaxy
stellar mass function to be in stark disagreement with observations
(Oppenheimer et al. 2010; Davé, Oppenheimer & Finlator 2011).
Therefore, it motivates the use of a completely different feedback
process amongst which AGN feedback is the most plausible (e.g.
Silk & Rees 1998; Croton et al. 2006).

Mergers between galaxies explain the rapid morphological trans-
formation from disc-like to elliptical-like galaxies, and this is being
possible only if very little gas is still present after the interaction,
otherwise, the remnant will rebuild its stellar disc. Several cos-
mological simulations have established that massive galaxies are
preferentially built through ex situ mass acquisition (i.e. mergers)
instead of in situ star formation (Oser et al. 2010; Lackner et al.
2012; Dubois et al. 2013; Lee & Yi 2013; Rodriguez-Gomez et al.
2016), even though there is still little consensus on the exact amount
of ex situ mass contribution. In particular, those of Oser et al. (2010)
lead to similarly large levels of ex situ fractions for massive galaxies
as in Dubois et al. (2013) (or Rodriguez-Gomez et al. 2016) despite
the absence of AGN feedback in the former.

Another strong evidence of the important role of mergers for
massive ellipticals is that galaxies appear compact at high redshift
(z > 2), and are more extended in the local Universe by a factor of 3
to 5 at constant stellar mass (Daddi et al. 2005; Trujillo et al. 2006;
Cimatti et al. 2008; Franx et al. 2008; van der Wel et al. 2008; van
Dokkum et al. 2010). This evolution in size can be explained by
the succession of mergers (Khochfar & Silk 2006; Bournaud, Jog &
Combes 2007; Naab, Johansson & Ostriker 2009; Nipoti et al. 2009;
Oser et al. 2012; Dubois et al. 2013; Shankar et al. 2013; Welker
et al. 2015a). Since massive ellipticals are the product of mergers,
satellites (and in particular low-mass satellites) are torn apart by
tidal forces, and preferentially deposit their stars in the outskirts
of the remnant (e.g. Hilz, Naab & Ostriker 2013). However, for
the mergers to be efficient enough to turn the remnant into an
elliptical galaxy and increase its size, it needs to be dissipation-less,
i.e. contain a low amount of cold star-forming gas, or, otherwise
will decrease the galaxy size (Khochfar & Silk 2006; Welker et al.
2015a; Wellons et al. 2015).

This view is supported by direct observational evidence, where
disturbed features are commonly witnessed for all morphological
types (Schweizer & Seitzer 1988; van Dokkum 2005; Duc et al.
2015). Also the fraction of galaxies in interaction is higher for more
massive galaxies and the accompanying burst of star formation is
lower with decreasing redshift (Bundy et al. 2009), even though it
remains moderate even at the peak epoch of star formation (z ~ 2)
with a factor of 2 enhancement compared to non-interacting galaxies
(Kaviraj et al. 2013, 2015). Therefore, it indicates that mergers are
an important ingredient of the growth of massive galaxies and that
their role increases with time.

With the advent of large-sized (~100 Mpc) cosmological hydro-
dynamical simulations including the necessary physics to produce
a morphological mix of galaxies such as HorizoN-AGN (Dubois
et al. 2014), ILLustris (Vogelsberger et al. 2014), or EAGLE (Schaye
et al. 2015), it now becomes feasible to investigate in detail, and
with statistical significance, the reasons of the morphological trans-
formations of galaxies.

The aim of this paper is to highlight the role of AGN feedback
in shaping the transformation of massive galaxies into ellipticals by
tuning the amount of in situ versus ex situ origin of stars. For that
purpose we analyse the state-of-art hydrodynamical cosmological
simulations HorizoN-AGN (Dubois et al. 2014) and its compan-
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ion HorizoN-NOAGN, with strictly identical initial conditions and
physics but for a prescription for AGN feedback which is included
in the former one but not in the latter. This joint publication is one
part in four papers which investigates the properties of Horizon-
AGN, focusing respectively on the redshift evolution of the mass
and luminosity functions (Kaviraj et al. 2016), the AGN population
(Volonteri et al. 2016) and the inner density profiles of both galax-
ies and DM haloes (Peirani et al., in preparation). The other papers
can be seen as complementary validation for the core properties
of its synthetic galaxies. In brief, it was shown that HorizoN-AGN
matches well the observed cosmic evolution of all these properties,
with exception at the low-mass end where resolution effects are the
strongest. Here we will focus on understanding how the interplay
between smooth gas infall on to galaxies and galaxy mergers is
regulated by AGN feedback, which produces the observed morpho-
logical diversity of galaxies by preventing in situ star formation
from washing out the effect of mergers.

The outline of this paper is as follows. Section 2 briefly presents
the simulation, and the cross-identification of galaxies in the two
simulations. Section 3 shows the impact of AGN feedback on mor-
phology. Section 4 investigates the changes on the in situ star for-
mation and the ex situ mass acquisition. In Section 5, we make a
direct connection between the morphometric changes of galaxies
due to AGN feedback and the in situ versus ex situ mass budget.
Section 6 illustrates the morphological transformation of galaxies
during mergers and how the AGN feedback freezes the post-merger
morphology. Section 7 provides the final conclusions.

2 NUMERICAL METHODS

We first briefly introduce the two simulations employed in this work,
Hori1zon-AGN and HorizoNn-NOAGN, and the procedure we use to
identify haloes and galaxies.

2.1 HORIZON-AGN simulations

The details of Horizon-AGN , which we only briefly describe here,
can be found in Dubois et al. (2014). The Horizon-AGN simulation
istunina Lyex = 100 4~! Mpc cube with a ACDM cosmology with
total matter density €2, = 0.272, dark energy density 2, = 0.728,
amplitude of the matter power spectrum og = 0.81, baryon density
Q, = 0.045, Hubble constant Hy = 70.4kms™" Mpc“, and n, =
0.967 compatible with the 7-year Wilkinson Microwave Anisotropy
Probe data (Komatsu et al. 2011). The total volume contains 1024°
DM particles, corresponding to a DM mass resolution of Mpyy es =
8 x 10" My, and initial gas resolution of My es = 1 x 10’ M. It
is run with the rRaMsEs code (Teyssier 2002), and the initially coarse
10243 grid is adaptively refined down to Ax = 1 proper kpc, with
refinement triggered in a quasi-Lagrangian manner: if the number
of DM particles becomes greater than 8, or the total baryonic mass
reaches eight times the initial DM mass resolution in a cell.

Heating of the gas from a uniform UV background takes place
after redshift z.ejon = 10 following Haardt & Madau (1996). Gas can
cool down to 10* K through H and He collisions with a contribution
from metals using rates tabulated by Sutherland & Dopita (1993).
Star formation occurs in regions of gas number density above ny =
0.1Hcm™? following a Schmidt law: p,, = €, p,/#t, Where p, is the
star formation rate mass density, o, the gas mass density, €, = 0.02
the constant star formation efficiency, and # the local free-fall time
of the gas. The stellar mass resolution is 2 x 10 M. Feedback
from stellar winds, SNe Type Ia and Type II are included into the
simulation with mass, energy and metal release.
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The formation of black holes (BHs) is implemented in Horizon-
AGN. They can grow by gas accretion at a Bondi-capped-at-
Eddington rate and coalesce when they form a tight enough binary.
BHs release energy in a heating or jet mode (respectively ‘quasar’
and ‘radio’ mode) when the accretion rate is respectively above and
below one per cent of Eddington, with efficiencies tuned to match
the BH—galaxy scaling relations at z = 0 (see Dubois et al. 2012,
for details).

Finally, a simulation called HorizoN-NOAGN was performed with
no BH formation and, therefore, no AGN feedback, but with the ex-
actly same set of initial conditions and sub-grid modelling. This
reference simulation is used to assess the importance of AGN feed-
back on galaxy properties.

HorizoN-AGN and HorizoN-NoAGN have both 6.6 x 107 leaf
cells (i.e. gas resolution elements) at z = O (for comparison,
ILLustris, Vogelsberger et al. 2014, EaGLE, Schaye et al. 2015, and
MassivEBLack-11, Khandai et al. 2015 have respectively 5.3 x 10°
gas cells, 3.4 x 10°,5.8 x 10° gas particles), and ~10 and 4 million
CPU hours, respectively, have been used to reach the end of each
simulation.

Fig. 1 shows a large-scale projection of the gas distribution with
density and temperature in the HorizoN-AGN simulation at z = 0,
with two insets of zoomed regions with the gas temperature dis-
tribution in HorizoNn-AGN and HorizoN-NOAGN. From this simple
visual inspection, it is quite clear that AGN feedback manifests on
the scale of DM haloes by driving hot gas out of DM haloes.

2.2 Identification of haloes and galaxies

In order to extract DM haloes from the simulation, we use the
AdaptaHOP halo finder from Aubert, Pichon & Colombi (2004).
For the positioning of the centre of the DM halo, we start from
the first AdaptaHOP guess of the centre (densest particle in the
halo) and from a sphere of size the virial radius of the halo, we use
a shrinking sphere (Power et al. 2003) by recursively finding the
centre of mass of the halo within a sphere 10 per cent smaller than
the previous iteration. We stop the search once the sphere has a size
smaller than 3 Ax and take the densest particle in the final region. 20
neighbours are used to compute the local density. Only structures
with density larger than 80 times the average total matter density
and with more than 100 particles are taken into account. The galaxy
stellar mass M; used throughout the paper is the total stellar mass
of one galaxy given by the galaxy finder, while the halo mass M, is
the DM halo virial mass that satisfies the virial equilibrium.

The original AdaptaHOP finder is applied to the stellar distri-
bution in order to identify galaxies with more than 50 particles,
e.g. with a minimum galaxy stellar mass of 103 Mg . Note that this
identification efficiently removes the substructures in DM haloes
and in galaxies. Therefore, for galaxies, satellites which are embed-
ded in the intra-cluster light of a massive galaxy are naturally taken
out of the mass of the galaxy. Merger trees of galaxies are build
with merger tree construction from Tweed et al. (2009) from the
catalogue of galaxies built on 56 outputs at different times equally
spaced in time (~250 Myr).

In order to quantify the role of mergers in shaping elliptical galax-
ies, we compute the fraction of in situ star formation in galaxies.
We walk back the merger tree to follow the main progenitor branch
and compute the amount of new stars formed in situ between two
time-steps of the simulation. Thus, the in situ mass of stars formed
at z = 0 is the cumulative amount of the mass of stars formed in
the main branch of the merger tree, and, consequently, the ex situ
component is obtained from the remaining stars not formed in the

main branch (i.e. stars acquired by mergers). We can define the
mass fraction of in situ formed stars fi,, in a galaxy as the ratio of
mass of in situ-formed stars above a given redshift over the stellar
mass of the galaxy at this redshift. With this definition of in situ
versus ex situ stars, their amount does not depend on the count of
the various branches in the tree since it only depends on how the
main progenitor is followed over time. Note that we have varied the
number of outputs used to generate the merger trees of galaxies by
a factor of 2, and also used a lower number of star particles to detect
galaxies, and this does not affect the measurement of the in situ star
formation that will be shown later.

At a few places (Figs 2, 19, and 20), we had to match the galax-
ies between the two simulations. For this matching procedure, we
first associate the DM haloes between HorizoN-AGN and Horizon-
NOoAGN with haloes having more than 75 per cent of their particles
with the same identity. Note that in doing so, there is a small fraction
of objects that cannot be matched, in particular, sub-structures that
got their particles stripped in the main halo host at a different time
and with a different intensity in the two simulations (see Peirani
et al., in preparation, for more details). Once haloes are identified,
we associate galaxies to DM haloes as the most massive galaxy
within 0.17y;; of the halo starting from main haloes with decreasing
mass, and then using sub-haloes with decreasing substructure hi-
erarchy once the previous halo (sub-halo) hierarchy is completed.
Finally, the galaxies are matched through their halo hosts.

3 GALAXY MORPHOLOGIES

3.1 Visual inspection

Fig. 2 shows a few examples of galaxies randomly selected in the
stellar mass (M is the total galaxy stellar mass obtained by running
the galaxy finder) range 5 x 10 < M, < 10> Mg in Horizox-
AGN and compared with their matched galaxy in HorizoN-NOAGN.
These images are composite images in u, g and i filter bands of the
light of stars simulated from their mass, age and metallicity using
single stellar population models from Bruzual & Charlot (2003)
assuming a Salpeter initial mass function. For simplicity, the ab-
sorption of light by dust is not taken into account. From this figure,
itis clear that galaxies have endured a morphological transformation
from a preferential disc morphology in HorizoN-NOAGN to a pref-
erentially elliptical morphology with AGN feedback in Horizon-
AGN. This sample of galaxies suggests that massive galaxies in
Horizon-AGN appear rounder, redder and smoother than they are
in HorizoN-NOAGN. In the following sections, we will quantify this
morphological transformation and show how this is caused by the
action of AGN activity and driven by mergers of galaxies.

3.2 Galaxy kinematics atz = 0

In order to infer galaxy morphology, we use their stellar kinematics
as a proxy. We first find the galaxy spin by measuring its angular mo-
mentum vector from stars. This spin vector defines the orientation
of the z-axis cylindrical coordinate system within which we com-
pute the radial, tangential and vertical velocity components of each
stellar particle. The rotational velocity V of the galaxy is the aver-
age of the tangential velocity component. The velocity dispersion is
obtained from the dispersion of the radial o, the tangential oy and
the vertical velocity o, components around their averaged values,
ie. 0 = (62 + o2 +02)"/?/3. In Fig. 2, the ratio of V/o, rotation
over dispersion, is indicated in the top left of each vignette, and it is
clear that the Horizon-AGN galaxies in the high-mass end have on
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:
.

Horizon-AGN

Figure 1. Main large panel: projection of HorizoN-AGN at z = 0 with the gas density in silver blue and the gas temperature in red. The depth of the projection
is 25 h~! Mpc and the box extent on the side is 100 2~ Mpc. Top two panels: temperature maps of HorizoN-NoAGN (left) and Horizon-AGN (right) zoomed
into a small region of the box.
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Figure 2. Composite images of the stellar emission in u — g — i bands of a few selected massive galaxies in HorizoN-AGN (first, third and fifth columns)
matched with their corresponding galaxy in HorizoN-NOAGN (second, fourth and sixth columns) at z = 0. The galaxy mass is indicated in the panels and
increases in HorizoN-AGN from top to bottom. The ratio of rotation to dispersion of stars is also indicated in each panel, and increases in HorizoN-AGN from left
to right. Each thumbnail extends to 100 kpc in the vertical direction. It is clear from these images that the absence of AGN feedback in HorizoN-NOAGN strongly
favours the formation of disc-like blue galaxies with spiral arms for massive galaxies, while in the AGN feedback in HorizoNn-AGN red ellipticals are favoured

for massive galaxies.

average lower V/o ratios than those of HorizoN-NOAGN galaxies,
and with different amplitude variations.

Fig. 3 shows the distribution of the ratio of V/o as a func-
tion of stellar mass for galaxies in HorizoN-AGN and Horizon-
NOAGN simulations at redshift z = 0. This ratio allows us to put
a separation between rotation-dominated V/o > 1 and dispersion-
dominated V/o < 1 galaxies, i.e. what we define discs and el-
lipticals respectively from now on. We see that AGN feedback
reduces significantly the formation of galaxies with stellar mass
above M, > 10> M. In both cases, lowest-mass galaxies M <
5 x 10° M are dispersion-dominated with no significant differ-
ence implied by the presence of AGN feedback. Galaxies above
this mass start to be rotation-dominated with a swift turn towards

dispersion-dominated above M, > 10'! Mg for Horizon-AGN and
which appears, marginally, at much higher masses M, 2> 10" M,
for HorizoN-NOAGN. In the simulation without AGN feedback,
massive galaxies are rotationally supported disc galaxies, while
AGN feedback allows for the formation of massive dispersion-
dominated elliptical galaxies.

We measure the fraction of elliptical galaxies f.;; as a function of
stellar mass in Fig. 4. Above 2 x 10'° My, there is a clear change
in the fraction of elliptical galaxies between the two simulations.
The absence of AGN feedback creates a population of massive
galaxies dominated by discs with a disc fraction fy = 1 — fi of
more than 90 per cent at all masses above M, 2> 2 x 10" M@. In
contrast, the action of AGN feedback allows for a mixed population
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Figure 3. Kinematics-mass distribution of galaxies in the HoRrIzon-
AGN and HorizoNn-NOAGN at z = 0, respectively top and bottom panels. The
black solid lines correspond to the average V/o as a function of galaxy stellar
mass. The colour scale represents log [Nga1/dlog Ms/d(V/o)]. Galaxies with
stellar mass larger than Mg > 5 x 1011 M, have significantly smaller val-
ues of V/o in HorizoN-AGN than in HorizoN-NOAGN. With AGN feedback
massive galaxies are dispersion-dominated.
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Figure 4. Fraction f of elliptical galaxies (with V/o < 1) as a func-
tion of galaxy stellar mass at z = 0 in the HorizoN-AGN and Horizon-
NOAGN simulations, respectively the black solid lines and the dashed lines.
For comparison, the data points from Conselice (2006) of the fraction of
ellipticals (red), irregulars (blue), and elliptical plus irregulars (magenta) are
reported in the top panel. We see that the population of the most massive
galaxies embedded in the most massive haloes is clearly dominated by el-
liptical galaxies in HorizoN-AGN, whereas it is dominated by disc galaxies
in HorizoN-NOAGN.
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of discs and ellipticals in the stellar mass-range 2 x 101 < M, <
2 x 101 M@, where the fraction of elliptical galaxies increases
with mass. Above M > 4 x 10" My, all galaxies are ellipticals in
the HorizoN-AGN simulation: f.; > 95 per cent. The same trend is
obtained as a function of halo mass (see Appendix A) since galaxy
mass correlates with haloes mass. The minimum of the probability
of finding an elliptical (peak fraction of finding a disc) is obtained
at a galaxy mass of M, ~2 x 10'° Mg in Horizon-AGN (or a
halo mass of My >~ 4 x 10" M). The fraction of ellipticals is also
measured as a function of the halo mass in Appendix A, and similar
trends are found: AGN feedback is responsible for the formation of a
population of elliptical-like massive galaxies above the group-mass
haloes M, > 5 x 10" M.

Compared to observations from Conselice (2006), the fraction of
ellipticals in Horizon-AGN as a function of stellar mass is in fairly
good agreement with the data, especially for the most massive galax-
ies, which are better resolved. The most noticeable difference with
observations corresponds to the position of the minimum probabil-
ity of observing ellipticals (or maximum probability of observing
discs), which is found at higher galaxy stellar mass in Horizon-
AGN. Although we also find an increase in the fraction of ellipticals
towards low-mass galaxies (below 2 x 10'° M¢) as in the observa-
tions (irregulars plus ellipticals), these galaxies are also those most
affected by resolution; it is possible that the kinematics of the low-
mass simulated galaxies is mostly driven by lack of resolution. Note
that this increase of ellipticals at the low-mass end also does not de-
pend on AGN feedback since it is seen for both Horizon-AGN and
Hori1zoN-NOAGN. On the one hand, it is expected that the effect of
AGN feedback in this mass range is irrelevant thanks to supernova-
quenching of BH activity (Dubois et al. 2015; Habouzit, Volonteri
& Dubois 2016). On the other hand, lack of resolution most cer-
tainly affects the possible growth of BHs and the impact of AGN
feedback for this class of galaxies. Despite those potential numeri-
cal shortcomings at the low-mass end, it is extremely encouraging
that comparable trends are obtained in HorizoN-AGN, especially
in the intermediate- and high-mass range, and this reinforces the
case that AGN feedback drives the morphological properties of this
population.

3.3 Evolution with redshift

‘We now investigate the evolution in galaxy morphology as a func-
tion of redshift by repeating the measurement of the fraction of ellip-
tical galaxies at higher redshifts in HorizoNn-AGN (Fig. 5). At high
redshift, massive galaxies are more likely to be elliptical of lower
masses, because of a progenitor bias: massive ellipticals at low red-
shift are more likely to have progenitors that are ellipticals (and,
conversely, disc galaxies at low redshift are more likely to have disc
progenitors), and since their progenitors at high redshift have lower
masses, massive ellipticals have lower masses. The detailed inspec-
tion of the progenitor bias of low-redshift galaxies will be covered
in a forthcoming paper. The U-shaped distribution at z = 0 (with
a minimum fraction of ellipticals found at My ~ 2 x 10" M¢; see
Fig. 4) is also not fully recovered at the highest redshift (z = 3
and 4). At z 2 3, the fraction of ellipticals flattens (or does not
significantly increase) towards lower masses, and, hence, low-mass
galaxies are more likely to be discs at high redshifts than at low
redshifts.

Note that this is a possible indication that the tendency for low-
mass galaxies to be ellipticals at low redshift is not entirely due
to resolution since galaxies of the same mass are more likely to

MNRAS 463, 3948-3964 (2016)
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Figure 5. Same as Fig. 4 for the HorizoN-AGN only and measured at
different redshifts as indicated by the different colours. The minimum of the
fraction of ellipticals fo; (maximum of fraction of discs) is found at lower
stellar mass with increasing redshift.

be discs at high redshift. As galaxies are more gas-rich at high
redshift (Santini et al. 2014), they are also more likely to have a
disc of stars built from the net rotation of the gas, rather than to
have a dispersion-dominated stellar disc. Low-mass galaxies are
also more likely to be part of a sub-halo at low redshift since struc-
ture formation is more advanced at later times. Thus, gas accretion
rate on to low-mass galaxies should be relatively reduced at low
redshift compared to its high-redshift counterpart, hence the lower
gas content and higher dispersion in the stellar kinematics. How-
ever, to clearly assess the role of resolution versus evolutionary
and environmental effects on low-mass galaxies, we would need a
dedicated large-scale simulation (with smaller volume, improved
spatial and mass resolution), which is clearly beyond the scope of
this paper. Nevertheless, the most massive galaxies already show a
significant fraction of ellipticals at early times, e.g. 50 per cent of
M =5 x 10'° My are ellipticals at z = 4 and 3.

4 STAR FORMATION SIGNATURES

4.1 Impact of AGN feedback on star formation

In order to quantify the impact of AGN feedback on star forma-
tion activity, we measure the specific star formation rate sSSFR =
SFR/M; as a function of stellar mass. In Fig. 6, we measure the
sSFR with the amount of stars formed over the last 100 Myr at z
= 0.3. Without AGN feedback, galaxies are, on average, actively
forming stars along the main sequence with a sSSFR =~ 0.08 Gyr~'.
AGN feedback, in Horizon-AGN, allows for the formation of pas-
sive galaxies at the high-mass end with more than an order of
magnitude decrease in sSFR for galaxies with M; > 5 x 10" Mg
compared to HorizoNn-NOAGN. Since AGN feedback can reduce
the star formation in massive galaxies, we expect that the amount
of stars formed in the main progenitor, i.e. formed in situ, will be
decreased, and that the stellar mass budget will lean more towards
merger-acquired stars (ex situ acquisition) than in the absence of
AGN activity.

Compared to observations at z = 0.3 from Karim et al. (2011),
Horizon-AGN is in much better agreement than HorizoN-NOAGN.
However, at the low-mass end (below 10'° M@), simulated galax-
ies have up to a factor of 2 lower sSFR than in observations (sim-
ilar in HorizoN-AGN and HorizoN-NOAGN), and have a constant
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Figure 6. Mean value of the sSFR as a function of galaxy stellar mass
for Horizon-AGN (solid) and HorizoN-NOAGN (dashed) at z = 0.3 with
observations from Karim et al. (2011) in blue at the same redshift. The error
bars stand for the error around the mean. The presence of AGN feedback
creates a population of passive galaxies at high stellar masses.

sSFR with stellar mass, instead of a continuous decrease. The agree-
ment between HorizoN-AGN and observations is much better above
10'° M@ : it shows a similar decrease with stellar mass, and the mag-
nitude of the sSFRs is close, though galaxies have a larger residual
star formation in the simulation. On the contrary, in this high-mass
range, HorizoN-NOAGN fails at producing a population of passive
galaxies. The dispersion in the relation (not represented here) is
large, in particular at the low-mass end (1 dex) due to the variety of
galaxies being either galaxies of the field or satellites in groups or
clusters of galaxies. For a more complete overview of the redshift
evolution of star formation activity of galaxies in Horizon-AGN and
its comparison with observations, we refer the reader to Kaviraj et al.
(2016).

4.2 In situ star formation versus accreted stars

As the accreted cosmic gas settles into a rotating disc, the induced
in situ star formation naturally leads to the formation of a stellar
disc. Conversely, mergers induce violent relaxation of the stellar
component —even though accretion shares a preferential filamentary
direction when it penetrates the halo of the central galaxy, and a
coplanar distribution as it gets closer to the central galaxy (Welker
et al. 2015b) — they increase significantly the velocity dispersion of
their stars and turn discs into ellipticals. This competition between
in situ star formation and the (ex situ) stellar accretion is what
ultimately defines the final morphological fate of the galaxy. Note
that in the absence of feedback, the number of stars acquired by
mergers can remain very large,! yet the unimpeded in situ star
formation forces the galaxy to get back to disc-like configurations,
leading to unrealistic disc-like morphologies for massive galaxies
(Dubois et al. 2013).

Fig. 7 shows the mean fraction of in situ formed stars fi., (see
Section 2.2 for definition) as a function of stellar mass at z = 0 for
the two simulations. In both simulations, a decreasing trend of fiysiw
as a function of M is observed. However, the average value of f;ys,
is always above 0.5 in the HorizoN-NOAGN simulation at any mass.

! At fixed halo mass, the ex situ mass acquired by the central galaxy is larger
in the absence of AGN feedback. However, the ex situ fraction is lower than
in the AGN feedback case.
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Figure 7. Mean fraction of in situ finge formed stars as a function of stellar
mass at z = 0 for Horizon-AGN (solid) and HorizoNn-NOAGN (dashed)
with errors around the mean indicated by error bars. The result from the
Iustris simulation (Rodriguez-Gomez et al. 2016) at z = 0 is also shown in
triple-dotted—dashed red for comparison. Both simulations show a decrease
in finsia With Mg, however, only in HorizoN-AGN this fraction becomes
negligible. This relation shows no significant evolution with redshift.

Therefore, on average, in the absence of AGN feedback, galaxies are
dominated by in situ star formation, become dominated by rotation,
hence look like disc galaxies whatever their mass. Galaxies in the
Horizon-AGN simulation show a stronger decrease for the in situ
fraction as a function of stellar mass, reaching an average value of
0.1 for the most massive galaxies M, > 10'? Mg . Above a galaxy
mass of My > 2 x 10" M, those galaxies including AGN feed-
back end up with an average finin, below 0.5, which corresponds to
the mass transition from disc-like galaxies to elliptical-like galaxies
(see Fig. 4). The in situ fraction as a function of stellar mass shows
very little evolution with redshift (represented in colour in Fig. 7
only for HorizoNn-AGN for the sake of clarity, though Horizon-
NOAGN shows also no redshift evolution). Compared to previous
numerical work (Oser et al. 2010; Lackner et al. 2012; Dubois et al.
2013; Lee & Yi 2013), we find comparable trends: more massive
galaxies form less in situ stars, while the transition from in situ-
dominated to ex situ-dominated stellar content happens earlier on
with more massive galaxies. However, it is worth noting that Oser
et al. (2010) obtained similar levels of ex situ fraction without AGN
feedback to our HorizoNn-AGN simulation, and this fundamental
difference with our work (and that of Lackner et al. 2012; Dubois
et al. 2013; Lee & Yi 2013) is probably due to a stronger prescrip-
tion for SN feedback or a more fundamental difference between
smoothed particle hydrodynamics and grid-based codes leading to
different galaxy morphologies in absence of AGN as highlighted by
Scannapieco et al. (2012) (see Dubois et al. 2013, for a discussion
on the results from different simulations in terms of in situ versus
ex situ mass content). We also show in Fig. 7 the result from the
Illustris simulation (Rodriguez-Gomez et al. 2016), where the in
situ fraction of formed stars is larger than in HorizoNn-AGN, though
the trend with stellar mass is extremely similar.

We recall that the minimum galaxy stellar mass extracted by our
galaxy finder is 103 M@ (50 star particles). With that minimum
mass threshold, mergers of galaxies M; = 10" M are complete
down to merger mass ratios of 1 : 100 at z = 0. However, galaxies
of such a mass at z = 0 have indeed lower progenitor stellar mass
at higher redshift. For example, galaxies with M, = 10'° M have
a mass of 5 x 10° Mg at z = 4 (not shown here but see Fig. 9
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Figure 8. Mean in situ fraction as a function of time and redshift for various
galaxy mass bins in the HorizoN-AGN simulation. The galaxy stellar mass
is determined at z = 0 and we trace back the progenitors of these objects.
The mass bin width is 210 per cent of the indicated mass on the plot.

for the behaviour at higher stellar mass). Therefore, galaxies of
M, =10 Mg at z = 0 are complete down to merger mass ratios
ofl:5uptoz=4.

Fig. 8 shows the evolution with time and redshift of the fraction of
stars formed in situ for different galaxy masses selected at z = 0. The
mass content of the progenitors of galaxies at z = 0 is dominated by
the in situ star formation at high redshift, and, as the most massive
galaxies become passive (see Fig. 6), the fraction of stars formed
in situ decreases in favour of the ex situ component. For the least
massive galaxies selected at z = 0 (M = 10'° M), the in situ
fraction remains constant over time and close to unity. We show in
Fig. 9 what fraction of the z = 0 in situ and ex situ mass is acquired
by galaxies as a function of time and redshift for four different mass
samples selected at z = 0. We see the same behaviour as in Fig. 8:
low-mass galaxies are dominated by the in situ component at all
redshifts, while high-mass galaxies are dominated by the in situ
component at high redshift and by the ex situ component at low
redshift. The time at which galaxies have formed half of their in situ
mass of stars (indicated by the vertical blue bar) happens earlier for
more massive galaxies since the AGN activity suppresses the SFR
more efficiently in those galaxies. The time at which half of the
ex situ mass is assembled shows very little variation with selected
galaxy mass at z = 0, though it is slightly later for more massive
galaxies. Finally, the time at which half of the total stellar mass is in
the galaxy occurs later with the selected galaxy mass at z =0, as this
is the result of massive galaxies having more stars from the ex situ
component (late assembly phase) than from the in situ component
(early assembly phase). Massive galaxies form their stars early in
situ and assemble late (De Lucia & Blaizot 2007).

Fig. 10 shows how much the in situ and ex situ matter is affected
respectively by AGN feedback in Horizon-AGN and Horizon-
NOAGN as a function of halo mass. As outlined in Figs 7 and 8, in situ
star formation is strongly affected by AGN activity. This decrease
of the in situ mass of stars can reach more than 90 per cent above
group-scale haloes M), > 10" M and this in situ mass decrement
increases with mass. In parallel, the fraction of stellar mass acquired
by mergers is also reduced, mostly because lower-mass galaxies
have their in situ mass also suppressed by AGN activity, which
end up contributing to the accreted mass content of more massive
galaxies. Hence, AGN feedback significantly suppresses in situ star

MNRAS 463, 3948-3964 (2016)
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Figure 9. Mean stellar mass evolution in HorizoN-AGN as a function of time and redshift normalized to its value at z = O for the total stellar mass (black),
in situ component (blue) or ex situ component (red) for different galaxy stellar masses at z = 0 as indicated in the top left corner of each panel (10 per cent
of the indicated mass). Vertical bars indicate the time at which half of the corresponding mass component is acquired by the galaxy. We see that galaxies first
form their stellar component from in situ star formation, and for the most massive ones assemble the ex situ component at late times.

formation in galaxies above M, > 10" M@, and also decreases the
amount of merger-acquired stars, though in smaller proportion. We
have also plotted the data from Kravtsov et al. (2014) for compar-
ison: HorizoN-AGN compares favourably well with observations,
while HorizoN-NOAGN can be an order of magnitude above the ob-
servational predictions. As it clearly appears from this last figure,
to get the correct stellar-to-halo mass relation for massive galaxies,
AGN feedback needs to suppress the in situ star formation in a large
range of galaxy (or halo) mass. Hence, AGN feedback must sup-
press the in situ mass in the central galaxy and significantly reduce
the ex situ mass, which is achieved by decreasing the in situ mass
of satellites.

5 MORPHOMETRY AND THE
ORIGIN OF STARS

5.1 Kinematics

In Fig. 11, we show the fraction of in situ formed stars as a function
of V/o, i.e. our galaxy morphology proxy, for different galaxy
stellar masses in Horizon-AGN at z = 0. We witness that the more
rotation-dominated the galaxy, the larger the fraction of in situ
formed stars, except for the two extreme bins M, ~ 10" M and
M, ~ 10" M@ where the distribution is flat (finsiu = 1 and ~0.2,
respectively). Therefore, the presence of elliptical galaxies is not
purely driven by mass but is also driven by the nature of cosmic
accretion: at constant stellar mass, their morphology also depends
on the relative stellar mass content acquired through ex situ versus

in situ components, i.e. by mergers or by gas accretion (leading
to in situ star formation). Also, for a given V/o, the fraction of in
situ formed stars depends on the galaxy stellar mass: more massive
galaxies require a larger fraction of stellar mass acquired by mergers
to form an elliptical.

Fig. 12 shows the ratio of rotation-to-dispersion of stars as a
function of galaxy stellar mass at z = O for the total, in situ and
ex situ components of stars. Note that the mass that is quoted in
the plot for the in situ and ex situ components is that of the total
stellar mass of the galaxy (not in situ and ex situ). We see, as for
Fig. 3, that galaxies are more likely ellipticals (low V/o') with AGN
feedback. As expected, and in most cases, the ex situ component
exhibits lower values of V/o compared to the in situ component: ex
situ stars assembled in the galaxy by mergers are more dispersion-
supported than stars that are formed in situ from centrifugally sup-
ported discs of gas. The presence of AGN feedback, as it reduces
the in situ fraction of stars, leads to lower values of V/o since the
ex situ component dominates over the in situ component. However,
AGN feedback not only turns in situ-dominated galaxies into ex
situ-dominated galaxies, it also changes the kinematics of the two
components by decreasing the value of V/o of the ex situ and the
in situ components.

As massive galaxies get their in situ star formation suppressed
by AGN activity, the in situ component gets older than what it
would have been in the absence of AGN feedback. Therefore, as
it gets older, the in situ component has more time to get perturbed
by mergers (see Fig. 9, where more massive galaxies, i.e. lower
finsit» have older in situ populations), instead of being continuously
rejuvenated at low redshift.
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Figure 10. Top panel: mean stellar mass in the central galaxy as a function
of halo mass (solid black) for Horizon-AGN and HorizoN-NOAGN (dashed
black) at z = 0. The in situ and ex situ components are plotted in blue and
red, respectively. The error bars (only plotted for the total mass component
in HorizoN-AGN for the sake of clarity) stand for the error around the mean.
The green line corresponds to the observational data by Kravtsov, Vikhlinin
& Meshscheryakov (2014). Bottom panel: relative mass of stars for the
different stellar components of Horizon-AGN relative to HOrRizoN-NOAGN.
Both the in situ and accreted mass components are reduced by the AGN
activity, though with a much stronger suppression for the former than for
the latter.
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Figure 11. Mean fraction of in situ formed stars fiysiw as a function
of the V/o ratio in HorizoN-AGN at z = 0 for different galaxy masses
(£10 per cent) as indicated in the panel with different line styles (increasing
mass from top to bottom). Error bars indicate the error around the mean and
the vertical line separates ellipticals from discs. At constant stellar mass,
disc galaxies (V/o > 1) have larger in situ fractions than elliptical galaxies
(V/o < 1): the morphological transformation of galaxies, besides being a
mass effect, is also a cosmic accretion history effect.
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Figure 12. Top panel: mean ratio of V/o of stars as a function of stellar
mass M for the total (black), in situ (blue), and ex situ (red) components
in HorizoN-AGN (triangles with solid grey lines) and in HorizoN-NOAGN
(squares with dashed grey lines) at z = 0. For the sake of readability, we
have multiplied the x-axis values of HorizoN-AGN and HorizoN-NOAGN by
a factor of 0.95 and 1.05, respectively. In the middle and bottom panels,
we plot the mean rotation velocity and the mean velocity dispersion as a
function of stellar mass, respectively. AGN feedback reduces V/o of both
the in situ and ex situ component by suppressing the amount of rotation V
in the galaxy, while the velocity dispersion o keeps the same relation with
stellar mass.

The middle and bottom panels of Fig. 12 replicate the top panel
for the rotation velocity V and velocity dispersion o, respectively
(instead of V/o). They show that AGN activity, through suppres-
sion of star formation, essentially leads to a suppression of rotation
in the stellar kinematics of massive galaxies with more than an
order of magnitude difference for massive galaxies. Since the gas
settles in rotation in galaxies (the gas turbulent velocities are of
the order 10kms~! in disc galaxies), they lead to in situ formed
stars with similar velocity patterns at formation, hence, domi-
nated by centrifugal support. Once AGN activity has suppressed
in situ star formation, the rotating pattern of stars can be erased by
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Figure 13. Same as the bottom panel of Fig. 12 as a function of halo mass
instead of stellar mass. It is now apparent that, at constant halo mass, the
velocity dispersion of stars is reduced by AGN feedback.

mergers, as we can see it for massive galaxies. Note that the rota-
tion of the ex situ component is also significantly reduced by the
presence of AGN feedback, though much less than that of the in
situ component. This effect can be attributed to transfers of angular
momentum between the in situ and ex situ components (through
non-axisymmetric densities) that enforce the components to have
close rotational velocities. Since galaxies are more gas-rich without
AGN feedback compared to galaxies simulated with AGN feed-
back (Dubois et al. 2012), mergers mostly consist of dissipative
disc—disc mergers and hence the ex-situ component of stars is more
likely to preserve a large rotation after the merger has occurred. In
contrast, the velocity dispersion of stars shows very little difference
between Horizon-AGN and HorizoNn-NOAGN galaxies at constant
stellar mass. However, this mostly reflects the fact that the stellar
velocity dispersion is also reduced by AGN feedback at the same
time that the stellar mass is reduced. This is shown in Fig. 13 with
the dispersion of stars as a function of halo mass, and it is now clear
that the dispersion of stars is also reduced at constant halo mass,
i.e. for the same galaxy. Therefore, if the velocity dispersion of a
galaxy at the centre of a given halo is reduced by AGN feedback, it
should correspond to a galaxy size increase.

5.2 Sizes

We now investigate how galaxy sizes depend on the origin of stars.
We compute the effective radius of galaxies by first projecting their
two-dimensional stellar density along each Cartesian axis of the
simulation box x, y and z. The two-dimensional half-mass radius is
found for each projection and the geometric mean of all projection
is defined to be the measured effective radius reg of the galaxy.
Fig. 14 shows the effective radius of galaxies simulated in
HorizoN-AGN and HorizoN-NOAGN at z = 0.25 and a comparison to
the observational data from van der Wel et al. (2014). Without AGN
feedback, the most massive galaxies end up being extremely com-
pact with a radius up to an order of magnitude below the expected
value at this redshift. In contrast, AGN feedback allows for a fairly
good match of the size—mass relation at high masses, with a power-
law slope, 0.75, of the order of the observed one, though somewhat
shallower. There is also a transition from a constant size for galax-
ies at low masses (though this flatness is probably a spurious effect
from limited spatial resolution, see below), to intermediate-mass
galaxies (in the mass range 10'° < M, < 10'' M) which increase
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Figure 14. Size-mass relation for simulated galaxies in HorizoN-AGN
(solid lines in top panel) and HorizoN-NOAGN (solid lines in bottom panel)
at z = 0.25 compared to observations from van der Wel et al. (2014) for
late-type galaxies (dashed cyan) and early-type galaxies (dashed magenta)
and their corresponding scatter (in log refr) as dotted lines. We have plotted
the result for our disc galaxies (V/o > 1 in blue) and elliptical galaxies
(V/o < 1inred). AGN feedback allows for more extended galaxies, while
without AGN feedback, massive galaxies are too compact compared to ob-
servations. Discs and high-mass ellipticals in Horizon-AGN closely follow
the observational relation. However, low-mass ellipticals are not compact
enough due to their size being close to the resolution limit (1 kpc).

their size with mass, and finally to the steeper slope observed at
larger masses.

Separating the galaxies into discs or ellipticals leads to slight dif-
ference: discs appear more compact than ellipticals at all masses in
HorizoN-AGN (which is only true at low mass in HorizoN-NOAGN).
At low-to-intermediate masses, observations suggest that ellipticals
are more compact than discs (van der Wel et al. 2014). Discs are
close to the empirical estimate at all masses, within a factor of 2 in
size. However, ellipticals are only a good match at the high-mass
end, as they can be several times the empirical sizes at intermediate
masses. This effect could be attributed to limited spatial resolu-
tion, as the size of low-to-intermediate mass galaxies is only a few
times the spatial resolution, and can get some spurious dynami-
cal support. Therefore, galaxy sizes are supposed to converge to
~Ax = 1kpc at the low-mass end, and it is well plausible that
the low-mass galaxies will get more compact with increased spa-
tial resolution. Note than in our comparison to observations by van
der Wel et al. (2014) we separate discs from ellipticals based on
kinematics, while they separate galaxies from passive and active
(supposedly ellipticals and discs respectively in our case). We have
also tested to separate galaxy sizes by their sSFR, and the results are
very similar.
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Figure 15. Size—mass relation for galaxies in HorizoN-AGN at different
redshifts indicated by the different colours. Galaxies are more compact at
high redshift and the effect is seen for all galaxy masses.
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Figure 16. Fraction of in situ formed stars fiysiy @s a function of the ef-
fective radius rerr in HorizoNn-AGN at z = 0 for different galaxy masses
(£10 per cent) as indicated in the panel with different line styles (increasing
mass from top to bottom). Error bars indicate the error around the mean. At
constant stellar mass, compact galaxies (Iow refr) have larger in situ fractions
than extended galaxies

Fig. 15 shows the size-mass evolution with redshift in Horizon-
AGN, and we see that galaxies are more compact at high redshift
at all masses. While above M > 5 x 10'° My, it can be explained
by the increased content of ex situ acquired stars, at lower mass,
galaxies have a very small fraction of mergers. Therefore, the size—
mass increase with time at the low-mass end can be explained by
the fact that the cosmological gas accretion at low redshift has a
higher angular momentum than at high redshift (Kimm et al. 2011;
Pichon et al. 2011). At high redshift, the break in slope is smaller,
as galaxies are more gas rich, hence, mergers are more dissipative
and lead to more compact galaxies. We refer readers to Welker et al.
(2015a) for the details on how the gas content and the morphology of
the progenitors influence the size evolution of galaxies in Horizon-
AGN: rapid size evolution is preferentially driven by gas-poor and
elliptical progenitors.

With Fig. 16, we see that, at constant stellar mass, the lower
the fraction of in situ formed stars in the galaxy, the larger the
effective radius of the galaxy. From this figure, it is also apparent
that the finsiu—7err relation is mass-insensitive: for a given galaxy
size, on average, the in situ fraction does not vary with galaxy
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mass. Therefore, the size evolution of galaxies should mostly be the
product of the nature of the cosmic accretion history of the galaxy.
Since more massive galaxies have lower in situ fractions, as they
quench star formation earlier, the trend with mass is also seen in
this figure.

In order to have a better understanding of how the ex situ and in
situ matter, respectively, contribute to the overall stellar mass distri-
bution, and, thus, the size of the galaxy, we measure the stellar den-
sity profile of the two different populations of stars by tagging the
stellar particles with their formation origin. The one-dimensional
average stellar density profiles of the total, in situ and ex situ identi-
fied stars for three different galaxy mass bins in HorizoNn-AGN and
HorizoN-NOAGN are plotted in Fig. 17. In HorizoN-NOAGN the core
of the galaxy is always dominated by the in situ component of stars,
even for the most massive objects (see also Naab et al. 2009; Oser
et al. 2012), while in HorizoN-AGN , the contribution of the ex situ
component is equivalent to the in situ component in the core of the
stellar distribution for the most massive galaxies M =~ 10" M
(see also Rodriguez-Gomez et al. 2016). At the same time, the
stellar density profile of galaxies is also flattened with AGN, as a
response of DM haloes being more likely cored (see Peirani et al., in
preparation, for more details). It is clear that the in situ component
of the stellar density at the centre (1 kpc) experiences most of the
decrease due to AGN feedback with —0.2 dex for M, = 10'° Mg,
—1dex for My = 10" M), —1.5 dex for M = 10'> M. However,
there is also a substantial decrease, due to AGN, of the ex situ com-
ponent in the core (except for M = 10" M) with —0.5 dex for
M, = 10" Mg and —1 dex for M, = 10'> M. Correspondingly,
the ex situ and the in situ stellar density are higher at larger radius
for Horizon-AGN than for Horizon-NOAGN. As a consequence, the
in situ, the ex situ and the total components expand and produce
larger half-mass radii. The stellar density in the centre of galaxies
remarkably depends little on mass when AGN feedback is present,
while it can vary by several orders of magnitude in absence of BH
activity.

Finally, the transition radius, which separates the in situ-
dominated (central parts) from the ex situ-dominated (outskirts),
is decreasing with increasing galaxy mass (see also Rodriguez-
Gomez et al. 2016). Without AGN feedback this transition radius
is always larger than the half-mass radius of the galaxy since the in
situ component always dominates the stellar mass budget. In con-
trast, in HorizoN-AGN, the transition radius becomes smaller than
the half-mass radius for the most massive galaxies (M = 10" M)
and close to the resolution limit, which clearly shows that the ex
situ component completely dominates the stellar mass budget at all
distances from the centre of the galaxy. At intermediate galactic
mass (M, = 10!! M), the transition radius is also decreased by
AGN feedback though it remains larger than the half-mass radius
of the galaxy.

The contribution of, respectively, the in situ and ex situ compo-
nents to the size-mass relation is now shown in a more compact
form in Fig. 18. In both HorizoN-AGN and HorizoN-NOAGN, the ex
situ component is more extended than the in situ component. With-
out AGN feedback, galaxy sizes closely follow that of the in situ
component, and, since the in situ size varies very little with mass in
that case, this can account for the very weak evolution of the size—
mass relation in HorizoN-NOAGN. However, with AGN feedback,
the ex situ fraction of stars largely dominates at the high-mass end,
which explains the size—mass evolution observed in Horizon-AGN.
In addition to this transition from in situ to ex situ dominated galax-
ies, both the in situ and ex situ components are also larger with AGN
feedback. This effect is two-folds: there is less adiabatic contraction
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Figure 17. Stellar density distribution in spherical shells as a function of distance for different galaxy masses at z = 0 as indicated in the different panels. Top
panels are for HorizoN-AGN and bottom panels for HorizoN-NOAGN. The median of total stellar density distribution is in black, while the in situ and ex situ
components are in blue and red, respectively, with their 20 and 80 percentile interval as indicated by shaded areas. The three small vertical solid lines stand for
the half-mass radius of the total (black), in situ (blue) and ex situ (red) components. The dashed vertical line indicates the resolution limit of the simulation. In
HorizoNn-NOAGN, galaxies are always extremely cuspy in their centre where the density profile is dominated by the in situ component and up to large distance.
On the opposite, in HorizoN-AGN, intermediate and massive galaxies are more cored with a flatter stellar density in the centre, and the ex situ component is
more significant in the central regions due to a strong decrease of the in situ component in the centre of galaxies.
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Figure 18. Effective radius (res) of stars as a function of stellar mass M
for the total (black), in situ (blue), and ex situ (red) components in Horizon-
AGN (triangles with solid grey lines) and in HorizoN-NOAGN (squares with
dashed grey lines) at z = 0. For the sake of readability, we have multiplied
the x-axis values of HorizoN-AGN and HorizoN-NOAGN by a factor of 0.95
and 1.05, respectively.

of stars due to the gas concentration (Peirani et al., in preparation),
and in situ star formation halts earlier in the presence of AGN
feedback, thus, in situ stars can freely expand due to mergers (ex
situ component), which are drier and, thus, with fewer dissipation.

Finally, in Appendix A, we show the measurement of the effective
radius of the total, in situ and ex situ components as a function
of halo mass, and similar trends appear to those as a function of
stellar shown in Fig. 18: at a given halo mass, the central galaxy
becomes more extended in all components due to the presence of
AGN feedback.

6 MERGER-INDUCED MORPHOLOGICAL
CHANGE

In the previous sections we have seen that only when AGN feedback
is included, which reduces the in situ star formation to the benefit of
the ex situ component in the overall stellar mass budget, then mas-
sive galaxies are able to become ellipticals. Now, we illustrate the
rapid morphological change of galaxies due to mergers by follow-
ing a few randomly selected galaxies amongst massive ellipticals in
Hori1zon-AGN, and we compare their evolution with its counterpart
in HorizoN-NOAGN.

Fig. 19 shows the evolution of the BH bolometric luminosity
Ly = € Mgnc® (where €, = 0.1 is the radiative efficiency of the
accretion disc, Mpy the BH mass accretion rate, and ¢ the speed
of light), the SFR and the ratio V/o with a function of time for 5
selected galaxies of mass M, ~ 2 x 10'! at z = 0, and which end up
as clear elliptical galaxy V/o < 0.5 in HorizoN-AGN. In the same
figure, the SFR and V/o of the same galaxy (i.e. at the centre of
the same DM halo) in Horizon-NOAGN are also drawn. We have
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Figure 19. Five randomly selected galaxies of mass Mg ~ 2 x 10'! Mg at z =0 in HorizoN-AGN (solid lines) with their matched galaxy in HorizoN-NOAGN
(dashed lines). Red histograms indicate significant mergers with their mass ratio §m (only those with m > 1/40 are depicted) in the HorizoNn-AGN simulation
(note that in the third row those values are multiplied by 5). The first row shows the BH bolometric luminosity Lgy as a black line (smoothed over 50 Myr for
readability) and 1 per cent of the Eddington luminosity as a blue line; the second row shows the SFR evolution, and the third row shows the V/o evolution.
Mergers drive a rapid transformation of discs into ellipticals. This transformation is stabilized by the merger-induced burst of AGN feedback (HorizoN-AGN)
in a quasar mode (above 1 per cent of the Eddington luminosity) that durably quenches the SFR in the galaxy remnant, preventing the possibility to form back

a disc.

indicated the galaxy mergers in HorizoN-AGN with their corre-
sponding mass ratio, those with mass ratio above 1: 40. In the
top row, the value of 1 per cent of the Eddington luminosity is
also shown, which (value) separates the radio mode (below) from
the quasar mode (above) of AGN feedback implemented in the
HorizoN-AGN simulation. At early times, most of the depicted
galaxies in HorizoN-AGN have levels of SFR close to that of
Horizon-NOAGN, though they are lower in HorizoNn-AGN, but they
significantly differ after a few Gyr of evolution due to the intensive
early AGN activity.

Two effects induced by mergers appear clearly in this figure.
Galaxies experiencing a significant merger (or a succession of sev-
eral mergers) first have a rapid increase in star formation, followed
by a decrease. One significant difference between simulated galax-
ies with and without AGN is that, in HorizoN-AGN, after a merger
the SFR decreases by several orders of magnitude, while in Horizon-
NOAGN, the SFR endures only a moderate decrease (roughly a factor
of 2). Thus, mergers induce a burst of SFR and a peak of AGN activ-
ity entering into a quasar mode that quenches the SFR of the galaxy
during its quiescent evolution. In the absence of AGN feedback, the
enhancement of the SN activity during the merger-induced starburst
is not sufficient to significantly reduce the SFR (see Fig. 19 for the
selected galaxies of HorizoN-NOAGN).

The second effect of mergers is on galactic kinematics. After
each significant merger, the ratio V/o decreases, hereby, turning
the disc into an elliptical, and this effect is seen in both Horizon-
AGN and HorizoN-NOAGN. The fundamental difference between
the two simulations that lead to the difference in galaxy morphology
between the two runs is that the galaxy that experiences a merger

is prevented by AGN feedback to efficiently replenish its cold gas
content, and, hence, to rebuild its disc. Consequently, the merger
remnant and the progenitors (due to their past histories) contain
less gas in HorizoNn-AGN than in HorizoN-NOAGN, and, thus, the
remnant is more elliptical being the product of a less dissipative
merger. This is seen in Fig. 19, where the decrease in V/o after
a merger is larger in Horizon-AGN than in HorizoN-NOAGN, and
where this ratio is less likely to be increasing after a merger (disc
rebuilding, see Welker et al. 2015a). This effect, indeed, varies
from one galaxy to another, depending on the gas richness of the
merger, on the impact parameter of the merger, its mass ratio, etc.;
however, it is very robust and is seen for a large range of galaxy
mass, whatever the galaxy’s final morphology.

In Fig. 20, we show the evolution of the temperature around
the peak of the merger-enhanced AGN activity depicted for the
galaxy in the fourth column of Fig. 19 at ¢ ~ 7 Gyr. The two main
progenitors of the galaxy remnant have a disc component of cold
gas (though less prominent in HorizoNn-AGN), which disappears
during the merger and the post-merger phase in Horizon-AGN.
On the contrary, in HorizoN-NOAGN, the cold disc of gas is still
present during the merger and the post-merger phase, allowing for a
continuous building of the stellar disc through in situ star formation.
The reason of the removal of the disc of gas in HorizoN-AGNis
the quasar AGN activity triggered during the merger of the two
galaxies that raise the gas temperature in the circum-galactic gas
(middle left panel of Fig. 20), hereby decreasing the gas accretion
on to the galaxy, and preventing the rebuilding of the disc at later
times (bottom left panel of Fig. 20). The late radio mode of AGN
feedback is also mandatory to gently shock-heat the gas in order to
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Figure 20. Illustration of the merger-enhanced AGN activity with mass-
weighted temperature maps for the galaxy depicted in the fourth column
of Fig. 19 at around 7 ~ 7 Gyr when the last major merger occurs. The
image size is 250 kpc on the side, and the left and right columns are for the
HorizoNn-AGN and the HorizoN-NOAGN simulations, respectively, where
galaxies are matched with their DM halo host. The burst of AGN activity
increases the gas temperature around the merger remnant (second row), and
leads to the disappearance of the disc of cold star-forming gas due to the
quenching of the gas accretion on to the galaxy.

prevent the gas to experience the cooling catastrophe (Dubois et al.
2010, 2011), which can be seen in the temperature ripples (left and
right sides of the central galaxy) of the bottom left panel of Fig. 20.

Fig. 21 shows the ratio of BH to galaxy stellar mass Mgy /M,
as a function of V/o at z = O for different galaxy mass bins.
To associate BHs with galaxies, we take the most massive BH
within 10 per cent of the virial radius of the galaxy, or 3 kpc if this
value is smaller (see Volonteri et al. 2016 for the BH-to-galaxy-
mass relation in HorizoNn-AGN). Galaxies with low V/o have rel-
atively more massive BHs, while those with high V/o have rela-
tively less massive BHs. This behaviour is the signature of merger-
enhanced AGN activity (thus, BH growth), which is seen at all
galaxy mass. Mergers trigger bursts of BH growth, and the AGN
energy release decreases the cold gas content, which durably set-
tles the morphological transformation into an elliptical induced by
the merger.
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Figure 21. BH to galaxy mass ratio Mgy/M; as a function of V/o at
z =0 for different galaxy mass bins as indicated on the panel (10 per cent).
Elliptical galaxies (those with low V/o < 1) have overgrown BHs, while
disc galaxies have undergrown BHs. Mergers induce a morphological trans-
formation of disc into ellipticals and trigger an excess of BH growth (AGN
activity).

In the absence of mergers, gas accretion can replenish the reser-
voir of cold gas in the galaxy, which would lead to the formation
of a stellar disc component (Welker et al. 2015a). It is exactly the
mechanism at work here: for a given stellar mass, we have seen that
elliptical galaxies have a higher fraction of ex situ mass than disc
galaxies, therefore, ellipticals endured more mergers in their past
history than discs. In light of this result, and the depicted behaviour
of the SFR and stellar kinematics after a merger, we can safely
conclude that mergers are the triggering mechanism of the galaxy
morphological transformation (turning a disc into an elliptical). That
transformation is secured by the subsequent burst of AGN activity
that is mandatory to quench the SFR during the long-term quies-
cent evolution of the galaxy. Therefore, elliptical galaxies are the
product of a cosmological accretion where mergers have been pre-
ferred over diffuse cosmic gas infall, triggering an AGN-regulated
quenching and allowing to freeze the post-merger morphology
of a galaxy.

7 CONCLUSION

By comparing results from two otherwise identical state-of-the-
art hydrodynamical cosmological simulations with and without
AGN feedback (respectively named HorizoN-AGN and Horizon-
NOAGN), we have explored its impact on the cosmic evolution of the
morphological mix of galaxies (Hubble sequence). We have shown
that AGN feedback is responsible for freezing the post-merger mor-
phology of a galaxy, most likely elliptical, hence matching many
observed geometric properties of galaxies. In brief our finding are
as follows.

(i) The simulated population in HorizoNn-AGN is a fairly good
match to the morphological diversity of galaxies, and the diversity—
mass relation is found to slightly evolve with redshift.

(i) AGN feedback is essential in order to produce massive galax-
ies that resemble ellipticals. Without BH activity, massive galaxies
are disc-like with kinematics dominated by rotational support.

(iii) The role of AGN feedback in the morphological transfor-
mation is indirect: massive galaxies turn ellipticals with AGN
because the ex situ component (accreted by mergers) domi-
nates the stellar mass budget, as AGN suppress the in situ star
formation.
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(iv) Thanks to AGN feedback and the suppression of in situ
star formation, the galaxy—halo mass relation is in much better
agreement with observations.

(v) Horizon-AGN establishes a clear relation between the mor-
phology of galaxies and the origin of stars (in situ fraction) at
constant stellar mass. Hence, morphology is demonstrated not to be
purely driven by mass but also by the nature of cosmic accretion (in
situ SF versus mergers).

(vi) When stars in galaxies are split into an in situ and an ex
situ stellar components, the former is more rotation-dominated than
the latter. AGN feedback allows massive galaxies to get their V/o
closer to their ex situ component (less in situ star formation), and
at the same time it reduces the V/o ratio for all individual com-
ponents (both in situ and ex situ). This decrease of V/o is due to
the suppression of rotation in massive galaxies by up to an order
of magnitude, while the dispersion is also reduced although with
lower significance.

(vii) The role of AGN feedback is also key to get more realistic
size—mass relations. In absence of AGN feedback massive galaxies
are too compact. In situ fraction strongly correlates with the size
of galaxies at constant stellar mass: this is again the effect of the
nature of cosmic accretion.

(viii) As expected, the distribution of ex situ stars is more ex-
tended than that of in situ stars. Hence AGN feedback, as it sup-
presses in situ star formation, also allows for less concentrated
distribution of both in situ and ex situ stars.

It should be stressed that the sub-grid physics of AGN feedback
in Horizon-AGN was not calibrated to match any morphological
properties (only calibrated to reproduce the BH—galaxy mass rela-
tion; see Dubois et al. 2012; Volonteri et al. 2016). Hence, the good
agreement to observed morphometric properties presented in this
paper provides independent consistency checks for the underlying
galaxy formation model. Massive galaxies in HorizoN-AGN ap-
pear rounder, redder and less compact than in HorizoN-NOAGN.
The simulated size-mass and fraction-of-ellipticals—mass relations
now match observations, in contrast to the case without AGN. The
so-called main sequence of sSFR versus galaxy stellar mass, and
its decrease at the high-mass end (Kaviraj et al. 2016), is now
also better recovered with AGN feedback. In the simulation with-
out AGN feedback, these massive galaxies are rotationally sup-
ported disc galaxies, while AGN feedback allows for the formation
of dispersion-dominated elliptical galaxies at the high-mass end.
Mergers by themselves cannot prevent subsequent cold gas infall.
AGN feedback is critical to prevent in situ star formation produced
in the subsequently infalling gas to rebuild a new massive stellar
disc.

In this paper, we have shown how the nature of the cosmic infall
(in situ versus ex situ) is key to galaxy morphology. However, we
have overlooked some important details of the cosmic infall that
have to be addressed in future work. First, we have not investigated
how the gas is brought to the galaxy and how angular momentum
is transferred to it, changing the extent of the galaxy’s disc. Finally,
parameters of the mergers such as its impact parameter, orbital
angular momentum, mass ratio, gas content and distributions over
time — and how these are encoded in the initial conditions — should
be investigated in more details.
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APPENDIX A: MORPHOMETRIC PROPERTIES
OF GALAXIES AT FIXED HALO MASS

In this Appendix we show the morphological and size dependency
of galaxies with their host halo mass instead of their galaxy stellar
mass, in order to assess that the change in morphometric properties
of galaxies at a given stellar mass is a real transformation of the
galaxy and is not simply due to a change in galaxy stellar mass.

Fig. A1 shows the fraction of ellipticals f; as a function of halo
mass at z = 0. The trend with halo mass, which is seen in galaxy
stellar mass in Fig. 4, is recovered. In HorizoN-AGN, there is clear
transition from disc-dominated galaxies at intermediate halo mass
(with a minimum of fo at M, > 4 x 10" M) to elliptical galaxies
above group-scale haloes Mj, > 5 x 10" M@ . In HorizoN-NOAGN,
galaxies remain disc-like from intermediate haloes up to the cluster-
scale haloes M, < 10 M with strong variations in fe;; due to the
limited sample above that halo mass (12 galaxy clusters).

Fig. A2 shows the effective radius of galaxies, as well as the
effective radius of the in situ and of the ex situ components, as a
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Figure A1. Fraction f of elliptical galaxies (with V/o < 1) as a function
of DM halo virial mass My at z = 0 in the HorizoN-AGN and Horizon-
NOoAGN simulations, respectively the black solid lines and the dashed lines.
We see that the population of the most massive haloes My, > 5 x 10'2 Mo
is clearly dominated by elliptical galaxies in HorizoN-AGN, whereas it is
dominated by disc galaxies in HOrRizoN-NOAGN.
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Figure A2. Effective radius refr of stars as a function of halo mass My, for
the total (black), in situ (blue), and ex situ (red) components in Horizon-
AGN (triangles with solid grey lines) and in HorizoN-NOAGN (squares with
dashed grey lines) at z = 0. Note that the sample of haloes corresponds to the
sample of galaxies used to plot the same decomposed radius as a function
of stellar mass in Fig. 18.

function of their host halo mass. As for Fig. 18, which shows those
galaxy sizes as a function of the galaxy stellar mass, galaxies are
more extended with AGN feedback for a given halo mass, and they
show an increase in both the in situ and ex situ component.

Therefore, we can conclude that those morphometric changes in-
duced by AGN feedback are not due to a naive rescaling in galaxy
stellar mass, but correspond to real morphometric changes of indi-
vidual galaxies.
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